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EFFECT OF SURFACE AND MEChANICAL PROPERTIES

ON SILICON NITRIDE BEARING ELEMENT PERFORMANCE

SUM1ARY

This is the Final Peport summarizing progress from October,1973, through January, 1975 on a fuidamental investigation of
the effect of surface and mechanical properties on silicon
nitride bearing element performance. This work was performed
Command.

The report is written in four parts.
Part I discusses the importance of understanding the extent

of surface damage caused during the manufacture of bearingsurfaces on ceramics. The likely impact of the damaged surface

on the usefulness of ceramics as rolling bearing materials
is presented. Results of some lapping experiments performed
in the course of this program are presented.

Part II discusses the results of flat-washer rolling-
contact fatigue tests conducted to understand the role of surface
interactions in a steel-silicon nitride contact on the life
of the contact. The variables evaluated include lubricant
viscosity, surface finish of the silicon nitride washer, type
of contact (line or point) and hardness of the steel rollers.

Part III discusses the results of an analytical evaluation
of the effect of the lower density and higher elastic modulus
of silicon nitride on bearing fatigue life. The analysis
shows that silicon nitride rolling elemert,: can improve thefatigue life of very high speed bearings.

Part IV presents the results of friction an' wear studies
conducted by Professor Rabinowicz at the Massachusetts Institute
of Technology.

RESEARCH LABORAIORY -- KF INDUSTRIES. INC.
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CONCLUSIONS

1. The extent of surface inteý-action in a rolling contact has

a significant effect on the life of a cintact in which one
of the elements is made of silicon nitride. Improved 4
surface finish and higher wear resistance of silicon
nitride and higher hardness of the mating steel element
are material parameters that lerd to improved life of the
contact. For rolling contacts consisting of M41 tool steel
iunning against NC132 silicon nitride having the smoothest
finish obtained in this program, a contact lifr to spalling
faiLure of the steel of five to ten times Lundberg-Palm-ren
theoretical life was obtained. No failure of the silicon
nitride occurred.

2. Theoretically, the lower density of silicon ,itride is help-
ful in improving bearing life above 2.5 x 100 DN in spite
of its higher ela'tic modulus. Appropriate design changes
must be considered before such new materials with greatly
different physical properties are put into bearing applica-
tion. By optimizira the design of i typical tool steel
aircrait engine mainshaft thrust bearing for silicon
nitride balls, a theoretical increase in ring life of three
to six times that of an all-steel bearing can be rea'lized
at high speeds.

3. Oxide abrasives appear to produce a superior s1 rface finish
on silicon nitride compared to other abrasives such as
silicon carbide and Borazon usod in this program. Silicon
Ni.tride has a lower than normal abrasive wear resistance for
ceramics. I•t exhibits high wear rate (low wear resistance)
when abraded against hard abrasives such as silicon carbide
or soft abrasives such as calcium pyrophosphato. This
bimodal wear characteristic may be due to the duplex structure
of silicon nitride consisting of hard silicon nitride grains
bonded by a softer glass phase.

4. Work towards improvement and reproducitility of silicon
nitride material and processing methods is required to make
silicon nitride a viable bearing material. Both these
parameters control the wear characteristics of silicon
nitride which in turn effects the bearing life.

2
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INTRODUCTION

II Future aircraft will operate at even higher speeds and
temperatures than are met today and proper bearing lubrication

! and life expectancy will pose an even greater challenge than
A it does now. The concensus is that operating speeds of 3 x 106

DN (DN - bearing bore diameter in mm times shaft speed in rpm)
and temperatures in excess of 700°F will be required in the
near future (I')*,

The predominant force on the balls in high-speed engine
[ bearings is the centrifugal force which induce3 such high

outer ring contact forces that bearing life is reduced drastically
as engine bearing speeds increase. A substantial portion of

[ thir. loss in contact fatigue life can be regained if light-
weight balls are used.

Recent advances in ceramic processing technology have
demonstrated a capability to fabricate a fully dense ceramic

I part. This makes it possible to take advantage of the other
well recognized properties of ceramics, namely low density,
high strength and high temperature structural stability. The

.1 lower density of ceramics makes it attractive for high speed
applications such as very high speed jet engine bearings where
the centrifugal load can become significant to the fatigue i
life of the bearing.

The stability and high hardness levels of ceramics at
elevated temperatures have long made them appear desirable for
use in bearings operating at extreme conditions. It can be
expected that the u-e of new, stronger ceramic materials
will offer improvements in high temperature properties over• steels.

j ,The large strides made in improving ceramic processing
technology was possible due to the financial support of the
U. S. Government (2) over the past few years. The improvements
in processing technology have been particularly significant
in the cases of silicon carbide (3) and silicon nitride (4).

I The lower elastic modulus of silicon nitride which leads to
lower Hertz stresses and its greater resistance to cracking
under a Hertzian load (5) makes it a more suitable material
for rolling bearing applications.

*Numbers in parentheses refer to list of references at the
end of this proposal.

"3
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.I
The best grade of silicon nitride presently available

in the U. S. is Noralide NC132 made by Norton Company, Worcester,
Massachusetts. A list oi sel'xted physical properties are given
below (6).

Density, gm/cc 3.2
Specific heat, Cal/gm°C 0.17
Coeff. of thermal expansion (25-200C),/ 0 ' 3.2 x 106
Thermal conduclivity, Watts/m, OK 34
Hardness, MN/mr 22,000
Elastic modulus, MN/r 2  29 x 10
Flexural strength (4 point), MN/m 2  860Compressive strength, MN/rn 3440

The above list indicates that silicon nitride possesses excellert
properties for structural (high strength) and wear (high
hardness) type applications.

For a material to be useful in wear type applications,
as in the case of bearings, it must be readily lubricable.
The ability of ester and hydrocarbon base lubricants to
lubricate siliczon nitride has been previously demonstrated (7).
The wear resistance of silicon nitride is a function of its
composition, as described in this report. The rolling contact
fatigue life of silicon nitride has been shown to strongly
depend on the grinding technique used (8). Since wear occurs
by fracture of surface asperities and wear resistance is known
to be a function of composition, rolling contact fatigue life
will also be dependent, to some extent, on composition.

In the following sections, results and analyses are
presented to demonstrate:

a) the need to investigate ceramic surface finishing
techniques for bearings,

b) the role of the surface finish of silicon nitride
on the rolling contact fatigue life of a steel-silicon
nitride contact; and

c) the effect of using silicon nitride balls, instead of
M50 tool steel balls, on the rolling contact fatigue
life of a typical high-speed jet engine mainshaft
thrust ball bearing. Operating speeds were chosen
to give DN values of 2, 3 and 4 million. A typical
engine bearing DN value presently in use is about
1.5 million.

4
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LI
Wear resistance (inverse of wear coefficient), of silicon

nitride was measured to be an order of magnitude lower than
other ceramics. Experimental results obtained'by Professor

SRabinowicz explains why this. may be the case.

LI
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PART I.

Effect of Finishing Method on Ceramic Surfaces

1.1 Effect of Grinding on Surface Damage and Fatigue Life of"eramics

A structural ceramic component is manufactlured by first
hot pressing the powder in a mold. The hot pressed part is then
rough ground, finish ground, lapped and polished to obtain the
finished part. Finish grinding usually removes the damaged
layer caused di.ring the rough grinding, operation. Since a
very small layer of the material is removed during lapping and
polishing, surface damage generated during grirding may be
left in the finished part if the grinding process is not
performed properly. The deleterious effect of grinding damage
on the physical properties of ceramics has long been recognized.
However, only a few studies, for example (8, 9, 10), have
attempted to correlate grinding parameters such as grit size,
7rit type, coolant type and grinding speed to the extent of
surface damage. It is therefore not possible to design an
optimum finishing sequence at the present time. The only way
to avoid the deleterious effects of grinding damage on the
performance of structural parts is by performing the grinding
operation as gradually as possible based upon experience.
This is due to the brittleness of the ceramics which makes
them significantly more sensitive to surface damage than metals.
With the growing consideration of ceramics such as silicon

nitride for heavily loaded applications, a good understanding
of the extent and control of grinding damage becomes mandatory.
A knowledge of the correlation between grinding damage and
physical properties is also necessary. As far as the bearing
application is concerned, the presence of grinding damage
may not lower the fracture strength of silicon nitride below
that of metals presently used. The lower fracture strength
however, would lower wear resistance of the surface layer.j
The excess wear dtbris generated can significantly affect the
life of a steel-silicon nitride contact.

As stated earlier, the field of grinding damage and its
consequences has been inadequately explored. This is particularly
true for alumina, silicon carbide and silicon nitride which are
most popular amongst ceramics for structural applications. *1
There are some results, however, from which the effect of
surface damage produced during grinding may be deduced. The
effect of finishing procedure on the rolling contact fatigue
life of silicon nitride was conducted by Norton (8). Of the
four sets of specimens prepared for the study, two sets are of
particular interest. The first set was prepared by grinding

6
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with 100 and 320 grit diamond followed by hand lapping with a
leather strap impregnated with 6 Pm diamond dust. This gaveLA
a median life in rolling contact fatigue of 31 million cycles.
in the preparation of the second set the 320 grit diamond grind

I was omitted and lapping was performed between two cast iron
plates charged with 6-8 um diamond paste. The median life in
this case was 650,000 cycles. This qualitatively indicates
that the damaged surface produced during grind'ing with 100i ! grit diamond persisted in the finished specimens and gave rise

to poor rolling contact fatigue life.

LIj An insight into the extent of damage produced during
grinding can be gained by examining some of the data presented
by Petrovic and Jacobson (iI).* In order to reduce the scatter

LI in fracture strength of the test specimens caused by material. inhomogeneities, they introduced controlled damage using a

Knoop hardness indentor. Figure 1, taken from their report,
shows the relation between applied load, loss in fracture
HsLrength and size of the damage zone. From their results it is
found that under 2600 gm load the depth of the Knoop indenta-
tion is approximately 5.7 jim whereas the depth of the damaged

11 zone is 68 Pm. This gives an approximate ratio of 12:1 between
I the depth of damaged zone and depth of the dent. Using this

ratio one can compute the approximate depth of the dent for
the lowest load used. From Figure 1 the damaged zone 's seen
to be 24 I'm deep. This gives a depth of 2 Pm for the dent.
Empirically it is known that the ratio between the peak-to-
valley height to the measured surface finish is about 4:1.
The 2 i'm deep Knoop dent would therefore represent
a surface finish of 0.5 IPm AA. This gives a ratio of about
50.:1 between thickness of damaged surface layer to the surface
finish since grinding may be considered to be a continuous

ii process of denting the surface. However, under dynamic condi-
tions of grinding this ratio is expected to be smaller due to
the time element involved in the generation and propagation
of such damage. This type of knoiledge related to the grirn2lng
of ceramics can help in optimizing the finishing process in
terms of quality and cost of the finished component.

a 1.2 Results of Lapping Experiments

Lapping is used subsequent to grinding, primarily to
improve the surface finish. A detailed investigation of the

T-he purpose of-their investigItion was to study the effect
of environment •n fracture strength of silicon nitride.

1 ". 7

t -- RESEARCH LABORATORY -KF INDUSTRIES, INC.

wi t-.



. . . . . .• •:. -. . . .. . . . .+ :... ... .. _. .. . "'' .. . I " .'¸' ' 'ilL
AL7MT02N

lapping characteristics of silicon nitride was conducted by
Giellsse (12). This work indicates that silicon carbide gives
the best material removal rate. Comparative lapping experi-
me.its conducted at S K F using 600 grit (25 um) SiC and 15 pm
CBN Borazon (14) snowed that Borazon gives a higher material . A
removal rate under identical lapping conditions. Since'
Borazon is similar to diamond in its cutting properties, the
reason for the superiority of SiC over diamond found in Gielisse's
investigation is not clear. His finding that the oxides
A1 2 0 3 , CeO and SnO2 give the least pitted surface has been
confirmed in the course of this program. j

Flat washers used in this program were made from Noralide LI
NC132 gradc silicon nitride having three different levels of

surface finishes.

a) As ground surface with a directional lay (Figure 5)
and surface finish of 0.2-0.25 Pm AA. 1i

b) Surface lapped with 600 grit SiC having a random lay
(Figure 6) and a surface finish of 0.075-0.1 Pm AA.

c) Surface hand polished with 5 Pm A120 3 having a randomlay (Figure 7) and a surface finish of 0.04-0.05 Pm AA.

r

8
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PART II

Flat Washer Rolling-Contact Fatigue Testing

Flat washer tests were conducted with Norton NC-132 grade
f silicon nitride flat washers run against either three ½-inch

diameter balls or three 5 x 6 mm rollers. The tests were
conducted in the S K F Flat Washer Testers shown in Figures
2, 3 and 4 and previously described (13). The tests were
conducted to investigate the effect of the iollowing para-
meters on the fatigue life of a contact.

a nli c(}'I a) Extent of sliding in the contact.
b) Surface finish of silicon nitride.
c) Lubricant viscosity.

Lid) Hardness of the steel element.

The test parameters, the resultant operating parameters and
the lives obtained for the flat washer tests conducted in this
program are listed in Table 1.

Comparison of fatigue lives of the roller-flat and ball-

L flat contacts brings out the effect of the extent of sliding
on the fatigue life of steel-silicon nitride contacts. Thedifference in the stress level in the two contacts must be
borne in mind when this comparison is made.

The effect of surface finish of the silicon nitride flat
washer on contact life was studied by preparing flat washers
with different surface finishes as explained in the previous
section.

Contact fatigue lives obtained with MIL-L-23699 and DTE
Medium Heavy lubricants are compared to determine the effect of
lube viscosity on contact fatigue life. However the effect cf
temperature-viscosity and pressure-viscosity coefficients is
also included in the above comparison. Of most significance
is the lubricant film parameter which is the ratio of the lube
film thickness (h,*im) to the composite surface finish (a,vm)
of the mating surfaces. Composite surface finish i3 the root-
mean-square average of the surface finishes of the two mating
surfaces. The methd of calculating the lube film parameter
(A = h/a) is given in Appendix I. The necessary lubricant
properties are given in Figure 8. Calculated values of A for
each of the flat washer tests is also listed in Table 1.

Rollers made from AISI M50 and M41 tool steels were run
to investig •e the effect of hardness of the steel element on

9

RESEARCH LABORATCRY BK- INDUSTRIES. INC.



AL7ST002

contact fatigue life. The rollers made from the lower alloyj
M50 tool steel have an average hardness of R60 whereas those
made from the higher alloy M41 tool steel have an averageA

hardnss ofRC67
To be able to investigate all of the parameters discussed

above, only a small number of tests could be conducted to
establish the effect of each parameter on contact fatigue life.
The life data for each set of conditions was therefore subjected
to statistical analysis using Weibull statistics (14, 15) to
estimate the LSO life for each group. Since the failing
component in all but one test was the s-. eel element, a Weibull
slope of 1.3, applicable to steel, was used for this purpose.
Agaain due to the small number of tests in each group, a 70%
confidence band was calculated for each of the groups to <
determine if the difference in the fatigue life of any two
groups is significant. The results of the statistical analysis .
of the life data are shown in Table 2. Theoretical lives of
various contact types are given in Table 3 for comparison.I
The procedure for calculating the theoretical life for a
steel-steel contact is shown in Appendix Il. The lives of
steel-silicon nitride contacts were deduced from this as shown
in the Appendix.

Before discussing the flat washer test results any further, -

* 4A would be desirable to understand the kinematics of a roller-
flat washer test and its effect on the size and position of .
th., wear band on the roller. A schematic diagram of the flat
washer test configuration i.; shown in Figure 9. As seen in -

Figure 9a, the test flat washer and the roller are moving towards
the right at the lower contact A. The velocity of a point on
the surface of the flat washer varies with its radial position.
The roller surface has the same velocity at any point and is
equal to the velocity of the center of the roller. As seen
in Figure 9b) this leads to a lower flat washer velocity, relative
to the roller, at the inside end of the roller and a higher
flat washer velocity relative to the roller at the outside

F I end of the roller. The relative sliding motion between the

mating surfaces generates friction forces and is also responsi-

friction forces generated by sliding between the roller and
the flat washer are equal and opposite at the two ends of the
roller. The location of the wear band in this case would be
at the center of the roller as shown in Figure 9c. An increase
in the magnitude of the friction force decreases the width of
the wear band whereas a decrease in the magnitude of the friction
force would widen the wear band i.e., cause the roller surface

10
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to wear more evenly. Under these conditions the wear band
produced at the upper contact B would overlap that produced
at contact A. The presence of a cage used to guide the
rollers contributes two forces. The cage force that tends
to move the roller ahead due to its own motion and the friction
force due to the sliding motion between the cage and the roller.
The effect of the cage force (Figure 9d) is to move the wear

K,: band formed at contact A towards the outer end of the roller
and that formed by the contact B to the inner end of the roller.
The widths of these wear bands need not be the same as they
depend on the friction coefficients at the tho contacts. The
friction force between the ioller and the cage on the other hand
tends to move the wear band produced at contact A towards the
inside of the roller whereas that caused by contact B towards
the outside end of the roller. In any given test therefore
the size and the position of the wear bands produced by the
two contacts depend on the magnitude of the various forces
acting on the roller. The results of the flat washer tests
will now be discussed to highlight the effect of the various
operating parameters listed earlier on the contact fatigue
life. The roller-flat washer tests will be discussed first
to sort out the effect of changing a test parameter on the
fatigue life of a roller-flat washer cortact. This :.s followed
by a discussion of the ball-flat washer tests which demonstrate
the effect of decreased sliding on the improvement of the
fatigue life of the contact.

The first group of roller-silicon nitride flat washer
tests was run using M50 steel rollers (Rc60), MIL-L-23699
lubricant and a silicon nitride washer having a surface finish
of 0.225 um AA (Figure 5). The surface distress suffered by the
rollers in Test #3 •s shown in Figure 10. Thji test was run at
2225 N for 3.3 x 10 cycles which is equivalent to 0.21 x
106 cycles at 4450 N, the normal load used in this program
for roller-flat washer tests. The roller track on the silicon
nitride flat washer developed a 0.1 'm deep groove at the end of the
test. Running further tests with the grooved flat washer did
not change the groove eepth. The roller track surface was
significantly smoother at the end of the test as shown in
Figurc 11. There io evidence of plastic deformation of
silicon nitride surface asperities during rolling contact.S•It will be seen that irre.spective of the initiaj.surface

finish and topography of a silicon nitride washer, its appearance
after rolling contact is practically the same. To get from
the initial to the final state, material is removed from the
silicon nitride surface by fracture wear, as suggested by
Rabinowicz in Part IV. The greater the amount of change in
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the surface the larger the quantity of wear debris produced.
Occurrence of fracture wear also leads to grooving of the
flat washer surface. Elimination of fracture wear stops
grooving of the silicon nitride washer as will be shown later.

In Test Group #1 the operating conditions lead to a lube
film parameter range of 0.37-0.S4 (Table 1). As seen from
Figure 12 the available lube film is too thin to provide adequate
separation between the mating surfaces. The sharp asperities
on the silicon nitride surface initiate the Xdamage on the rollersurface. When the asrsrities are worn away, the wear debris
in the oil continues to damage the roller surface. The median
unbiased maximum likelihood estimate olle LSu life Thenceforth
referred to as the median LeS life) of a roller-flat washer
contact in Group #1 is 0.55 x 106 cycles (Table 2) which is
significantly lower than the theoretical value of 16 x 106
cycles (Table 3). The deleterious effect of the 0.225 Pm AA
finish on the silicon nitride washer on the fatigue life of
the contact is quite evident.

In Group #2, M41 steel rollers (R 67) were used und-r opera-
ting conditions similar to Group #1. in spite of a lo.. r
lube film parameter range of 0.27-0.31, the median L50 life J
increased to 2.93 x 106 cycles. Although an improvement, the
fatigue life of the contact is still lower than the theoretical
value. The extent of roller surface damage is practically
the same (Figure 13). The time required to damage the M41 -
steel rollers by the same amount is increased due to its
higher hardness. i

The position of the wear band in both the above groups
was in the center of the roller. The width of the wear band
on MS0 rollers was greater than on the M41 steel rollers.
Since the coefficient of friction in the contact for the two
materials is not expected to be different, the wider wear
band on the M50 rollers is merely indicative of the lower wear
resistance of MS0 steel compared to the harder M41 steel.

In Group #3, the lubricant was changed from the lower i
viscosity MIL-L- 23699 to a higher viscosity DTE Medium Heavy

oil. This leads to a higher lube film parameter range of
0.49-0.64. The median L5 0 lifg of the roller-flat washer
contact increased to 4.81 x 10 cycles. The type of damage
remains the samo but the extent is considerably reduced (Figure
14). The presence of two wear bands on the roller surface
indicates that the cage forces are more predominant than the
friction forces in the contact. The formation of a 0.5 vm

12
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deep groove on the silicon nitride flat washer was observed
in this test group also.

Group #4 consisted of one test using M41 steel rollers
instead of MS0 steel rollers with other operating parameters

L same as Group #3. With a lube film parameter of 0.52 an LS0
life of 9 x 106 cycles was obtained. The increase in life
can be attributed to the higher hardness of the M41 steelii rollerS.

The difference in. operating parameters between Groups 3
and 5 is the improvement in the surface finish of the silicon
nitride flat washer from 0.225 Pm AA to 0.1 Pm AA. The lube
film parameters for the two tests conducted were 0.85 and 1.34
which are approximately twice as large as those in the previous
Sgroups. The median L5 0 contact life for the group iL calcula-ted to be 16.5 x 106 cycles. Considering the small sample
size used, the absolute value of the life should be used with
caution. A comparison of the 70% confidence interval of
2.26-8.326x 106 cycles of Group #3 with an interval of 5.64-
9862 x 106 cycles does suggest the positive effect of better
flat washer surface finish used in Group #5 on the fatigue
life of the contact. Again the type of roller surface damage
is the same as before (Figure 15). The time to failure is
increased due to the reduced surface interaction between the
mating surfaces. The post test condition of the roller track
on the silicon nitride washer was the same as shown in Figure
11. The groove depth on the roller track of the 0.1 Vm AA
flat washer was the same (0.5 vm) as on the rougher washer.
This indicates the persistance of fracture wear at the 0.1 um AA
surface finish level. Groove formation on a silicon nitride
bearing surface during rolling ontact was observed by other
workers (16).

The next set of roller-flat washer tests were run in
Group #8 using a silicon nitride flat washer surface finish
of 0.05 vim AA. The lube film parameter range was 1.83-2.44.The median L0 life was 6 06 x 106 cycles. This is poor compared

to the life of 16.58 x 106 cycles obtained for Group #S.
This discrepancy is however likely to be due to the smallsample size of twc for Group #5 with only one failure. A more

reasonable comparison can be made with Group #3 which has the
same sample size and number or failures. The improvement in flat
washer surface finish has improved the contact fatigue life in
Group #8. The improvement however is marginal and t.te fatigue
life is lower than the theoretically expected -value of 16 x 106

13
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cycles. Wear on the MSO steel roller surface is evenly dis&ri-
buted as seen in Figure 16. The roller track on the flat washer
was not grooved. This signifies the elimination of fracture
wear of silicon nitride at this surface finish level.

The use of M41 steel rollers against 0.05 Pm AA finish
silicon nitride flat washer in Group #9 leads to a significant I
improvemeng in the contact life. The median L5 n life is
151.8 x 100 cycles. In spite of the small sample size used in
this group ýnt increase in fatigue life is large enough to
indicate that the higher hardness of the M4] steel rollers
makes a significant contribution to the improvement of the
S'oller-flat washer contact life. The lower 70% confidence
limit of 71.34 x 106 cycles is significantly greater than the
theoretical L5q life of 16 x 106 cycles. The appearance of
the rol er surLace (Figure 17) from Test #28, suspended at -

72 x 100 cycles, shows oniy minimal damage. The roller track
on the flat washer was ungrooved. Its appearance after test
is shown in Figure 18.1 I

Ti-e above discussion on the roller-flat washer tests
indicates that improved surface finish of the silicon nitride
flat washer, higher lube viscosity and higher haiiness of the
steel element lead to improved contact fatigue life. Of the
three parameters, the hardness of the steel element has the --

lags effect on life improvement once the surface finish !

of the silicon ni+r*de washei is fine encugh tc prevont fracture
wear of the material.

The ball-flat washer tests were conducted to determine A
the effect of re0Inced sliding on the contact fatigue life.
These tests are divided into two groups. Those tests run with
a new silicon nitride flat washer (Group #6) and those run with
a silicon nitride flat washer previously used in a ball-flat
washer test (Group i'). Since a ball-flat contact is P point
contact the Hertz stresses in the contact are higher than in aroller-flat contact at the same load. In the present program

an applied load of 3560 N was used for the ball-flat tests.
This nroduced a maximum Hertz stress in the contact of 4690
N/mm2 . The maximum Hertz itress in the roller-fiat washer
contact was only 2100 N/mm produced by an applied load of
4450 N.

The median L5 0 life o' a contact in Group #6 was 39.83 x
106 cycles. This compares favorably with the theoretical
value of 13.23 x 106 cycles. The balls used in this group

14
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did not possess a visible wear band as seen in Figure 19.
At the end of the test the ball track on the silicon nitride
flat washer contained a 1 P1m deep groove.

The silicon ni~ride flat washers grooved in the above tests
were used for tests in Group #7. The presence of' the grooveI, increased the extent of sliding in the ball-flat washer contact.
The increased sliding in the contact in the presence of high
Hertz stresses decreased the median L50 life of the contactI
to 6.0 x 106 cycles. The balls used in these tests had a
visible wear tvack. The surface material in the wear track
was distressed and smeared. This was not found to be the
case for balls used in Group #6., The surface damage on balls

used in Test #19 of Group #7 is shown in Figure 20.

The only silicon nitride flat washer failure occurred in
Test #19. Examination of the ball track n the flat washer
revealed that spalling of the silicon niLride flat washer is

V initiated by the formation of Hertz cracks during rolling ':ontact.
Figure 21 shows the Hertz cracks formed in the ball track and
the spall formation from such cracks.

The groovce formation in the silicon nitride ball track was
mathematically analyzed as shown in Appendix III. A value
of 2x 10-6 for the adhesive wear coefficient, determined by

Rabinowicz, was used for the NC 132 grade silicon nitride used
in these tests. The result shows that a groove 61 Mm1 deepr
would form in the ball track in about 0.33 x 106 cycles.
If this is the case, then the balls run against a new washer
must live as long as they do because of the development of an
exact conformity between the ball and the groove. New balls
used on a grooved washer would not conform as well and suffer
excessive surface damage which in turn would lead to reduced
life of the balls. Since in practice balls may need to be
replaced in a bearing, it is imperative that the wear of the
silicon nitride be reduced as much as possible. This implies
use of proper composition and surface finish of the silicon
nitride material. It also implies that running-in of bearing
components at a lower load for a short time before putting
the bearing into use, would develop the necessary conformity
between the mating surfaces and prolong the life of a bearing.

Test #25 was run using silicon intride balls and flat
washer. Since in practice a change in bearing material does
not permit one to change the bearing load, this test was also
conducted at an applied load of 3560 V'. The higher modulus

15
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of the silicon nitride-silicon nitride cQntact leads to a
higher maximum Hertz stress of 5360 N/mmz. This Hertz stress
was high enough to cause bulk defgrmation o{- the ball track.
The life of the test was 4.2 x 10? cycles. Due consideration
must therefore be g!.en to a bearing design intending to use
silicon nitride, to account for the effects of the higher modulus
of the material.

Te • #26 was run with AISI 52100 steel washer and silicon
nitride balls. The purpose was to 4etermine the effect of the
location of silicon nitride on contact fatigue life. The life
of the test was 2.55 x ]06 cycles which indicated that the
position of silicon nitr~de in the contact did not have a
significant effect on the contact fatigue life.

In conclusion one can list the following measures as being
important to prolonging the life of a steel-silicon nitridecontact.;

1) Reduction of the extent of sliding in the contact.

2) Improvement in the surface finish of the silicon nitride
element.

3) Use of as high a viscosity lubricant as possible in
an application.

4) Increase in the hardness of the steel element.

Measure 1 reduces the extent of damage caused when mating
surfaces interact. Measures 2 and 3 tend to reduce the extent
of surface interaction between mating surfaces and hence the
severity of surface damage. Measure 4 increases the resistance
of the steel element to surface damage during rolling contact.

16
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HI PART III
Analysis of tho Effect of Silicon Nitride on Fatigue

Life of High Speed Bearings

Ceramic matrials have a lower density and a higher elastic
modulus compared to metals. Their use as rolling elements in
bearings produces different values of contact stress, stressed
volume and centrifugal force than those for steel for a given
set of operating conditions. It is important to know the effect

kL of these changes on bearing life.

The analysis was conducted in two steps. In the first
analysis only the effect of centrifugal load was considered.

Li The second analysis was conducted for a 120mm bore angular
contact ball bearing used in jet engines. The combined effect
of applied and centrifugal loads on bearing life was evaluated
with the help of an S K F Computer Program, AT74Y001. The
analyses assume the applicability of the Lundberg-Palmgren
(17, 18) Law to the life of bearings containing ceramic rolling
elements.

The effect of density and modulus change of the rolling
element on fatigue life under pure centrifugal load can be
evaluated with the help of the probability of failure relation-
ships given below.

.lpoint contact

where lodlpint contact

i where;

S = probability of survival
Q = load

SE' = reduced modulus
SN = stress cycles

For a given value of survival probability

S-• 4 •"'point contact

t E•(4.j' line contact

-17 !
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Since a purely centrifugal load is proportional to the material
density (•) we have;1

f 3.3 point contact

-4 1 S2 line contact

If N and N? are the lives of bearings containing steel
and silicin nitride rolling elements respectively, then;

Point Contact Line Contact

3. )44

Under purely centrifugal loading silicon nitride is seen to
improve the bearing life. The improvement factor is greater
in the case of roller bearings (line contact) than in the
case of ball bearings (point contact).

In a steel-silicon nitride contact the strength of silicon
nitride and hence its fatigue life is significantly greater
than that of steel. Steel-silicon nitride flat washer tests
conducted in this program have shown that the failure of silicon
nitride flat washers is rare. Discounting the probability of
failure of silicon nitride in a steel-silicon nitride contact
increases the life improvement factors as fr ows;

Point Contact Line act

2 .2 2 .

The effect of lower density and higher modulus of silicon
nitride, compared to steel, on the fatigue life of a 120mm
bore angular contact bearing was evaluated with the help of
an S K F bearing dynamics program, AT74YO01.

18
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In a similar previous analysis (19) it was found thatSthe 10w density of silicon nitride does not improve the fatigue
life of a high speed bearing. 'This was attributed to the
increase in contact stress due to its higher modulus of

[elasticity. The analysis however was conducted using the same
LI free operating contact angle for bearing containing steel and

silicon nitride balls. The difference in density leads to sig-.
nificantly 4ifferent contact angles during be..ring operation .....
The life data therefore reflects the combined effect of materialproperties and contact angle.

To alleviate this problem, operating contact angles of
210 and 18.840, for steel and silicon nitride'balls respectively,
were derived by trial and error, to give, the same inner ring
contact angle of 300 under operating conditions of 13,350 N
thrust loadand 3 x 106 DN, The data obtained in this manner
reflects only the effect of material properties-on bearing
fatigue life. Inner ring conformity (ratio of inner ring
to ball curvature) of 0.54 was used for steel balls and
0.52 for silicon nitride balls in confcrmity with the analysis
conducted in (19), to obtain about the same shape of the contact
ellipse and thus heat generation rate for the two ball
materials. The results of the complete analysis for shaft
speeds of 2, 3 and 4 x 106 DN and thrust loads of 4480 and
13,350 N, is given in Table 4.

Examination of the results reveals the following important
C points.

1) Under a thrust load of 13,350 N, the fatigue life of
bearings containing silicon nitride balis improves
over one containing steel balls at about 2.5 x 106 DN.

2) As the applied load decreases, the predominance of
centrifugal load on fatigue life increases. The
cross-over between fatigue lives of steel and silicon
nitride bearings would therefore occur at a lower speed.

3) In spite of the tighter conformity used for the bearing
containing silicon nitride balls, the total contact
area between the ball and the rings is smaller than in
the case of the steel balls. Heat generation in a
bea±ing is a function of the contact area, amount of
sliding in the contact and friction coefficient. From
previous lubrication studies (7) the -riction coefficienits
for the two contacts can be considered to be the same.
The smaller 'ontact area in the bearing containing
silicon nitride balls n.!y, therefore, generate less heat.

19
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The results show that silicon nitride rolling elements
can improve the fatigue life of high speed ball bearings. i I
As seen from the case of pure centrifugal loading, this
improvement would be even greater for roller bearings. Further-
more, if fature real life high speed tests verify the initial .

results in this report that silicon nitride rolling elements .Ido not fail, a further life improvement can result. j
H Ii~
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PART IV

Friction and Wear Studies

"The-friction and wear properties of silicon nitride under I
different operating conditions were conducted by Professor
Rabinowir -t -the Massachusetts Institute of Technology. .•

The investigations have revealed that the lubricated
sliding friction coefficient in a steel-silicon nitride contact

. is similar in magnitude to a steel-steel contact. The dry
sliding friction coefficient for a steel-silicon nitrideI,•contact (0.17) is oi, - slightly higher than the corresponding

Svalue for the lubricated contact (0.12-0.13). The dry friction
coefficient for a steel-steel contact is 0.54. Silicon
nitride therefore has good potential for applications in
marginal or lost lubrication conditions.

The wear resistance of silicon nitride is found to be
a function of composition. Silicon nitride also exhibits a
bimodal wear behavior.

The results and discussion by friction and wear studies
I I conducted by Professor Rabinowicz are presented in Appendix IV.

[21
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APPENDIX I

Calculation of EHD Lubricant Film
Thickness for Flat Washer Test Conditions

C. Lubricant Film Thickness in a Ball-Flat Contact

Applied load = 800 lbs.
No. of balls 3 3

Test Speed = 3400 rpm

Lube = MIL-L-23699 I
S)74 GL -0.08ho 0.87R(•,R )O7(m,2

wh ere 
!

R = ball radius (in.) = 0.25
27

= absolute viscosity (lb-sec/in2) = 7.3 x 10-

= pressure-viscosity coefficient (in2 /lb) = 1.1 x 10-4

V = entrainment velocity (in/sec) = 180

Q = load/ball (lbs) = 800

E' = reduced modulus (psi) = 39 x 106
( V )0.74 7.3 x 10-7 x 1.1 x 10- x 180).

0.25

= 4.4 x 10-6
-0.08

aE -0 08 _(80xix 1.)i
2(800 x1 x( • ) 0 "3 39x0o6  0.0625

= 2.08

h= 0.87 x 0.25 x 4.4 x I06 x 2.08

= 2 Lin. (0.05 pm)

RESEARCH LABORATORY .KF INDUSTRIES. INC.



AL75T002

APPENDIX I. (Continued)

D. Lubricant Film Thickness in a Roller-Flat Contact j
Applied load = 1000 lbs.
No. of rollers 3 3
Test speed = 3400 rpm

Lube = MIL-L-23699

ho 1.95R( 0.727 0.091

where P = load per u'it length of roller 1
I = 1000 x ] =1485 lb/in.

R = radius of the roller = 0.1 in

7.37 x40'x11 o 8 0.727
)0.727 7.3 x 10- xo.1 x 10- x 180 1.067 x 10"5

(P) 0 . 0 9 1  (1485 0.091 0
39 x 10 6 x 0.)

h = 1.95 x 0.1 x 1.067 x 10- x 0.442

1.5 in (0.038 0m)

E.For DTE Medium Heavy lubricant n 210° F

YL~l.x -7 l-2 "I = 11. 6 x 10 -7 b sec/in
= 0.99 x i0-4 in2 /lb
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APPENDIX I. (Continued)

The values for the lubricant film thicknesses for the

two cases with DTE Medium Heavy oil are;

Ball-Flat: ho = 2.6 'pin(O.065p m)

Roller-Flat: ho = 2.0pin(O.05ym)

Under identical test conditions DTE Medium Heavy provides

slightly better lubrication than MIL-L-23699. This in turn
would lead to an improvement in the life of the rolling elements,
which was observed.

A

i -- i
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APPEIDIX II

Flat Washer Life Calculations

A. For Roller-Flat ConfiRurationUsing Three 5 x 6 mrrn Rollers

SL10 =(C/p)I0/3

where P = applied load
SC =ca acity of the bearing

C, = gc~i

g . I +Ci w -1/w

f c { l+r :n})
e

•]for 900 Thrust Roller Bearings

Ci

e

4-9 = {+ (1)9/2 -2/9 2- 2/9 0.89

C = 1.15C(ia)/ 73/ 29/37

efia)7/ 9 Z3/4 Da i=rows of contacts
Z=number of contacts
D =roller diameter[when fe = Uxgcflf2 ra=inner ring radius
r =outer ring radiusfaI PV=corner radius on roller

a e
[I Da=5rm; Da/3= (5)92 5 5.68

iia a .6
9=3; 9 3/4 =2.28

fi=56.2n 56.2(l-ksina) = 52.2(1-0.15) = 44.4

f 2/9.. (Do/di) 2 / 9  (5/57) 2/9 (0.088)0.822 = 0.584

2 0'm'

S-- C-= jX(44.4x0.584x0.87) 3.73 x 2.28 x 0.568

uX(lll0 kg) oy NyX(2430 lb.)
= u) ("1l

p.,
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APPENDIX II (CON'T) i

from Acta it appears that a value of Xun = 0.60 is normal i

0.60 1
.Xu(0.85) - 0.60 xU= 0.7

C = 0.7(8430) - 1700 lbs.

C = 1700 (1.15) 1950 lbs.

Under a thrust load of 1000 lbs. (4450 N)

Life of the assembly:

S4 1700 4 {1700} 4 (25)4244 mill. revs.LO=5 1.36X1000} A-{ } =(.4 ilrv..

I -= 3.66 mill. cycles

Life of one of the Roller-Flat contacts: .1Ci4 • 19504

L L = {E5} } = 4.18 mill. revs.10 i P NI.'36 • 000
i -p

= 6.27 mill. cycles i
Under a thrust load of 1200 lbs. (5430 N)

L 0 = 11700 4 1 { 4 = (1.04)4 = 1.5 mill revs10 T36x1200 " "
4 = 3.02 mill cycles

L {1 } = (1.19)4 = 2.01 mill. revs.

= 3.02 mill. cycles

Under a thrust load of 800 lbs. (3560 N)

L0 {700 {.700} (1.56)4 5.9 mill. revs.

= 8.85 mill. cycles
4

L = = (1.79)4 - 10.3 mill. revs.
10

= 15.45 mill. cycles .

Lj
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APPENDIX I1 (CON'T)

H Flat Washer Life Calculation

B. For Ball-Flat Configuration Using Three 12.7 mm (½")Balls
3I

L10 = (C/p) 3 where p , applied load and

C = capacity of the bearing

f cf a 10 "*7 Z2/ 3 F(Da)

f c Xgcflf2 {2r Da I i-rows of contacts
i aR-number of contacts

D aball diameter
g rafinner ring radius

g (+ (q) }re-outer ring radius

0.41
= f 3  { ri 2 re - Da 0

re - ri aD

for a 90° thrust bearing;

f a a 1 dm =pitch diameter

f 1 -=10 X = 0.60

f2 0.3 where -af0.48Li dmn

For Da_< 25.4 umm; F(Da) = Da 1 '0

For the case under consideration:

ii Da =12.7 mm ri re c

•=3 dm = 57 mm
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Substituting and rearranging: J
I-

C - 2rite - riDa

= -2" Da/re i/ritr e

"2 - Da /ri "frire e

Since r w re co; Da/r = 0
i /Ce a I

C.t/C -1

gc= {i + (1)1°/3) -0.3

- (2)-0.3 1/1.231

= 0.812 0.3

fc (0.60)(0.812)(10 X4)( ) -03 l/ri " a/ri}

- 3.90(0.233)0.3 - 3.90 (0.637) /j

= 2.48 .I
C =2.48(l)(1) 0"'7(3) 2/3(12.7) 1.8

= 2.48(2.08)97

= 500 Kg or 1100 lbs.

Since

C = gC

C 1100 lbs./0.812

= 1355 lbs.

Under a thrust load of 600 lbs. (2670 N)

Life of the assembly:

LO (1100/600)~ 6.16 mill. revs.
- 9.24 mill. cycles

30
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APPENDIX II (CON'T) A5

Life of one Ball-Flat Contact:

LJ LI0 (1355/600)3 . 11.5 mill. revs.
- 17.25 mill. cycles

H Under a thrust load of 800 lbs. (3560 N)

Life of the assembly:

L10 (1100/800) 3 - 2,6 mill. revs.

Ii = 3.9 mill. cycles

for a Ball-Flat contact:

EL1 (1355/800) - 4.9 mill. revs.
= 7.35 mill. cycles

The relationships between reduced modulus and contact

stress and fatigue life for line and point contacts are given

below.

Line Contact Point Contact

Stress (E')½ (E') 2 / 3

LI0  Life (Stress)" 8  (Stress)"9

The effect of reduced modulus on contact fatigue life is

shown in the table below.

Contact Combination Stress App. Load L Life
Factor l0612vcles

1. Roller-Flat steel-steel 1 4 6.27
2. Roller-Flat steel-Si3N4  1.09 4450 3.2
3. Roller-Flat S13N Si3Ni 1.21 4450 1.38
4. Ball-Flat steel-stee 1 4690 7.35S. Ball-Fiat steel-Si3N4 1.12 4690 2.65 :
6. Ball-Flat Si N4-i N 1.28 4690 0.81 ,
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APPENDIX III I
I. Calculation of the number of cycles required to wear a l&m

deep groove in the ball track of a silicon nitride flat rasher: T1

The sliding distance per unit rolling distance at a point
r from the center of a ball-flat contact

w- e*it

where Do = ball diameter

and " = slide-to-roll ratio

= 0.445 for the present tests

The load at a point r from the center of the contact =

stress x area

where Twt= - max. Hertz stress

and a = semi-major axis of the contact

= 0.4 mm

The product of load x sliding distance at a point r from
the center of the contact 1.

4y•,,•._. ..*.__ . . , v

Putting A and ." 31

equation (1) reduces to

Integrating equation (2) over the width of the contact .

3ives; !

S load x sliding distance A a3

RESEARCH LABORATORY SKF INDUSTRIES. INC

LJ
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-2.

2I
For = 4690 N/mm2

a= 0.4 mmSD = ].2.45 mm
0,4o45

load x sliding distance - 27 N mm/mm

Wear coefficient k 3 x hardness x volume l Alload x sliding distance

The length of the ball track 5 57 mmVolume of a V-groove 1 m deep in the ball track =72 x 103 mm3

ij Hardness of silicon nitride = 22000 N/mm2

Average sliding distance x load/cycle = 57 x 27 x 1.5
= 7252.4 N mm/mm

No. of cycles to produce a 1 m deep groove

3 x 22000 x 72 x 10"I
2 x 10-6 x 7252.4

0.33 x 106 cycles

II. Position of Maximum Adhesive Wear Rate Across Ball Track4

This Is obtained by maximizing the variable function
y = x (1-x)z in equation (2) above.

2x C•-,c) -K 1 
. 0

x (-%-xa-) -- 0

3:3
RESEARCH LABORATORY ,I~F INDUSTRIES, INC--.
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APPENDIX I II 'CLon t~

Since there is no sliding at x- 0, maximum wear is expected
to occur at x = 0.82 i~e. rt 0,182 a. In the present case H '
where a = 0.4 mm, =0.33 ifmm. The experimentally measured
wear pattern s11owT, in the tracing below agrees reasonably well
with the calculation.

W&I jot

RES AR H LA3R T RIND S R E .I C
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FRICTION AND WEAR TESTS WITH SILICON NITRIDE

by Professor E. Rabinowicz, MIT

Sliding tests on lubricated silicon nitride at elevated temperatures

* ~Introduction

LI One of the projected uses of silicon nitride is as a ball material for

LIhigh load, high speed ball bearings. In this application, the bearings are

operated in a lubricated condition, and high interfacial temperatures are

ii reached. Accordingly, to help judge the suitability of silicon nitride for

this application, we have measured the friction and wear behavior of lubri-

cated silicon nitride at elevated temperatures. Since M50 steel is the mater-

* II ial currently used in this application, we have also carried out tests with

this material to provide a basis for comparison.

Actually, there are other factors which make high temperature slidi~ng i
last year) have shown silicon nitride is rather effectively lubricated by

most typical lubricants, distinctly better than ari other ceramic materials.

This suggests that silicon nitride has a surface with high surface energy,

* ~making it possible for lubricants to adhere strongly to it. It is known]

that raising the temperature generally leads to the desorption of lubricants

silicon nitride at elevated temperatures allows us to estimate how strong the

adhesion between lubricants and silicon nitride s'irfaces really is.

At the same time as high temperature tests on silicon nitrides wereI

being carried out, it was decided to evaluate another ceramic material to see

how effectively it could be lubricated. The material chosen was aluminum

oxide, and we selected it rather than some other ceramic because it had not

been evaluated in the room temperature tests carried out last year, so that
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the results would be especially informative.

Experimental details i
The elevated temperature sliding tests were carried out using a three- .

pin on a flat sliding geometry. The apparatus used is shown in schematic

form in figure one, and it will he seen that the sliding surfaces are inside-

a metallurgical furnace, thus allowing testing to be carried out to very 77

high temperatures. In these tests, the top temperature used was 250*C, since

above this temperature lubricant deterioration was rapid and severe. .
For the friction tests, the sliding war :.tirted at room temperature, and

the friction was monitored as the temperature was gradually increased. For

the wear tests, a constant temperature was maintained, and the loss of weight

was measured after sliding at a speed of 5 cm/sec for a period varying from

2 to 24 hours. The normal load per pin, each pin being a rod of 1/4" dia-- 'A

meter with a conical end, was 55n gin.

Results

The results obtained are shown in figures 2-10. As will be seen, there

was an increase of friction with temperatures in all cases, and this is agree-

ment with the typically observed behavior of most lubricants on most surfaces.

On silicon nitride, the lubricants MIL-L-23699 and Terresso V78, which were I-

found to be better than the other liquids in previous testing, were again

found to be best in this series of tests.

Silicon nitride was found in general to give somewhat higher friction

than the M50 steel, but the difference was relatively small in all cases.

As to the aluminum oxide, when tested with each lubricant it gave higher

friction than did the silicon nitride evaluated with the same lubricant

(except that with the Vco fluid at a temperature above 175*C, the aluminum
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oxide gave lower friction). The differences were generally most pronounced

U in the range room temperature to 100'C.

U! Discussion

These results are of considerable interest. It is clear that the low

friction coefficient of Si 3 N4 is generally maintained to very high tempera-

tures. Thus, for Si3N4 on Si3N4 lubricated by the MIL-L-23699 diester lub-

ricant, the friction coefficient remains below 0.15 at temperatures up to

200*C, only slightly inferior to the combination M50 in M50 lubricated by

MIL-L-23699 (friction coefficient 0.13 at 200*C). The results with Teresso

V78 mineral oil are very similar. In general, the results suggest that in

f] switching from M50 steel surfaces to silicon nitride surfaces in high speed,

high rolling contact bearings, it is unlikely that failures caused by adhe-

sive wear phenomena will be encountered.

The other inorganic solid tested, namely aluminum oxide, gave friction

Li values with almost all the lubricants that were higher than those obtained

with silicon nitride. This confirms the results obtained last year, which

suggested that silicon nitride gives exceptionally low friction, especially

in the presence of boundary lubricants.

I~ b

i:7



~!

o9

C;

Unlubr cated

S range of measured values
'• 0 • / 8- ."

40,-

i U MIL-L-23699

a'..

o I I I - i

50 100 150 200 250 I

Temperature, IC
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Evaluating the strength of silicon nitride by abrasive wear tests

Introduction

It is clear, from an evaluation of available experimental data, that

not all samples of hot-pressed silicon nitride perform equally were in rol-

ling contact applications. Under these circumstances it would be convenient

to have a simple non-destructive test which will make it possible to eval-

uate samples of silicon nitride before undertaking the expense of making them

into bearing components.

We have studied the possibility of measur'ilg the resistance of silicon

nitride samples to abrasive wear, and using this as a measure of mechanical

strength. As is well known, the rate of removal of material by means of a

very hard abrasive (in this case silicon carbide), is to a first order of

approximation dependent only on the penetration hardness of the material, and

ir 'a c is in!,ti #ely proportional to hardness (1). But second order effects

also exist, in that brittle materials show more wear than do ductile mater- I
ials of the same penetration hardness. Thus a measurement of abrasive wear

rate gives information both on the hardness of a material and on its brittle-

ness.

Apparatus

In our tests, after a number of preliminary studies, we finally developed

a technique of mounting '-ýe silicon nitride specimens in an aluminium disk

which fits into one of L.e rings of a 3-ring Lapmaster lapping machine. Dur-

ing operation of the Lapmaster, each silicon nitride specimen carries the

same load and sees the same abrasive, consequently specimens with the same

mechanical properties should show essentially the same wear rate. In our

tests, each specimen carried a load of 0.33 kg.

Lr i



Results

wrIn initial tests, three cylinders cut from the same silicon nitride rod

i iwere tested. The weight losses after four hours in the Lepmaster were as

follows.

Table 1. Weight loss in the Lapggster

. Weight loss

Material After 2 hours After 2 additional hours Total, 4 hours

Cylinder A .0168 gm .0277 gm .0445 gm

Li Cylinder B .0162 .0294 .0456 gm

SCylinder C. .0158 .0302 .0460 gm

It will be seen that there was much more weight loss in the second two-

hour period in the Lapmaster (apparently we used more abrasive in the second

period) but the relative wear rates of the three cylinders are uniform to

within better than 10 percent.

These results encouraged us to apply this technique to silicon nitride

specimens of varied, but known, mechanical properties. Mr. H. R. Baumgartner

of the Norton Company kindly supplied us with sets of specimens which were the
broken ends of bars used in bend strengtf determinations (and for each spec-

imen supplied a mean bend strength value). Seven abrasive tests of three

specimens each were run, and the average abrasive wear coefficients for each

specimen was computed.

The results were as follows.



Table 2. Comparison of abrasive and bend strength testsA

Abrasive wear coefficient
Sample (Norton #) *non-dimensional wear rate Mean bend strength (Norton)

438 750 58 x 10 124.9 kal.

438 751 69 95.9

438 752 83 117.9

438 753 59 110.4

438 754 61 114.*2

gav coprn :hee wosets of results, we note that specimen 438 750

inv the Nowest abrasive wear rate in our test, and the highept bend strength

in te Nrto tet, nd husmay be presumed to be the best material in the

sampe. onvrsey, pecmen438751 was the worst in the Norton tests, and

also gave above average wear in our test, and presumably should not be used

to make up bearing components. The other three specimens are intermediateI

in nature, being fairly good in the abrasive tests and fairly bad in the i
bend strength tests, or vice versa.I

The fact that the abrasive wear testing technique seemed to give results

which were reproducible and consistent encouraged us to go ahead and try to 1(
resolve the problem of why silicon nitride shows such a high abrasive wear rate,

far higher than would be expected of a material with penetration hardness

In order to study the problem we measured the abrasive wear resistance of i

a sizeable number of materials (nine at a time) testing three specimens in

each of the rings of the lapmaster. The materials covered a wide range in

hardness from aluminum to ailicon nitride (N C 132).

In the first series at tests, we used silicon carbide abrasive (hardness,



2500, kg/m,2 ) measured the volume worn away for each material, and plotted the

Iwear vo1,,me as a friction of hardness (figure 11). It will be seen that all

the prfts lie close to the theoretical lna of slope -1. The silicon nitride

point lies distinctly above the line, but nothing very extraordinary.

1In a second series of tests, we used as abrasive calcium pyrophosphate

2(hardness 350 kg/mm ). In this case the way in which the wear rate varies

Iiwith material hardness is more complicated, since many of the materials are

Sgharder than the abrasive. The theoretical function and the experimental data

points lie close to the theoretical line, except the silicon nitride data

ifpoint, which seems clearly too high. In fact, it seems that the silicon

nitride wear rate is that which would be expected of a material of hardness

500 kg/mm , rather than the actual 1500 kg/mm

As it happens, the silicon nitride material consists of silicon nitride

grains of hardness 2200 kg/mm 2, and a magnesium oxide binder of hardness 500

i] ikg/mm2. Perhaps in thl.s case the abrasive wears away the magnesium oxide

binder, thus causing silicon nitride grains to fall out.

Discussion

1 All in all, the re!,tlts are encouraging in that it appears that abrasive

wear testing can apparently be used as a simple technique for weeding out

poor silicon nitride samples. Of course a more valid test of the concept

would be to compare abrasive wear results with performance in rolling con-

tacts.rather than performance in another mechanical property test.

Also it seems that abrasive wear testing can shed light on the mechanism

of failure of silicon nitride, and thus perhaps make possible the development

of stronger formulations.

The use of the Lapmaster as a measuring tool rather than as a manufactur-

43
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in& tool is relatively novel; however, at least one earlier use is described

in the literature (3). 1

Reference. s

1. E. Rabinowicz, "Friction and Wear of Haterials," John Wiley and Sons,
New York, 1965, Chapter 7.

2. D. J. Godfrey and P. G. Taylor, "Inorganic non-metallic bearings with
special reference to the use of silicon nitride," pp. 265-274 of "Spec- --

ial Ceramics 4," Brit. Ceramic Res. Assn.

3. C. Pritchard, "Role of the lubricant in three-body abrasion," Nature, i
226, 446-7, 1970.
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Figure 1. Crack dimensions versus applied Knoop
indentation load.
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Figure 4. Drawing of test section of flat washer tester

showing solid silicon nitride test washer.
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Figure 5. Surface topography of as-ground silicon nitride
flat wa.her having a surface finish of O.?25 pm ýA

4I
1000X

Figure 6. Surface topogr'iphy of lapped s~ilicon nitride flat
washer surface having a surface finish of 0.1 urm AA.
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Figure 7. Surface topography of alumina polished silicon
nitride flat washer having a 0.05 -pm AA surface
finish.
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stationary flat washer

roller

rotating test flat
washer

C: cage force

F: friction force

(b)

c) normal wear band location at roller center

I'I

e) effect of friction between cage and roller

Figure 9. Schematic diagram of roller forces in a flat washer
test and their effect on position of wear band loca-
tion on the roller surface.
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Figure 10. Surface distress on M50 steel rollers run against
0.225 wm AA finish silicon nitride flat washer using
MIL-L-23699 lube ('est /13).
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Figure 11. Surface topography if roller tr'ack on 0.225 Pm AA

finish silicon nitride washer after rolling contact.
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Figure 16. Surface damage on M50 steel rollers run against 0.05
Sm AA finish silicon nitride flat washer using DTo

Medium Heavy Lube (Test #27).
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Figure 18. Appearance of roller track on .05 pm AA silicon
nitride flat washer after Test #28.
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Figure '19. Spalled ball run against now 0.1 o~m AA finish silicon
nitride flat wash~er uising W)T1: Medium fleavy Lube
(Test Itl") . Note absence of vis ible ivear band.
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